Thirty-five strains of Clostridium perfringens were examined for their ability to transform bile acids, both in growing cultures and by washed whole cells. All of the strains oxidized the 3a-hydroxy group to an oxo group, and all except three converted the same a-hydroxy group into a fl-configuration. Although it has been established beyond doubt that this species elaborates a potent bile salt hydrolase to split conjugated bile acids (1, 13, 20, 21) , the published data concerning the metabolism of the bile acid moieties are equivocal. Norman and Bergman (22) 
Thirty-five strains of Clostridium perfringens were examined for their ability to transform bile acids, both in growing cultures and by washed whole cells. All of the strains oxidized the 3a-hydroxy group to an oxo group, and all except three converted the same a-hydroxy group into a fl-configuration. The oxidative 3a-dehydrogenation was barely detectable under anaerobic cultural conditions but was clearly demonstrated in an aerated system using washed whole cells, with a pH optimum between 7.0 and 9.0. The epimerizing reaction amounting to 10 to 20% conversion was observed in anaerobic cultures and also with resting cells, irrespective of oxygen supply. Both reactions were carried out with seven conventional 3a-hydroxy bile acids, thus producing a series of 3-oxo and 3,B-hydroxy derivatives that could be examined for gas-liquid chromatographic and mass spectrometric behavior. No evidence for the occurrence of 7a-and 12a-hydroxysteroid dehydrogenase activities among the test strains was found. A highly potent deconjugating hydrolase was elaborated by all of the strains.
Several investigations on the bile acid-transforming activity of Clostridium perfringens have been published, as this organism is a wellknown anaerobe indigenous to the intestinal tract of humans and lower animals. The estimated levels of this bacterium in human feces are 1032 (25) , 105 (26) , and 100 87 (9) per g (wet weight) of feces.
Although it has been established beyond doubt that this species elaborates a potent bile salt hydrolase to split conjugated bile acids (1, 13, 20, 21) , the published data concerning the metabolism of the bile acid moieties are equivocal. Norman and Bergman (22) reported the oxidation of cholic acid to 7-ketodeoxycholic acid (7a-dehydrogenation) by broth cultures of C. perfringens. Aries Besides such ambiguity as to the occurrence of 7a-HSDH activity in this org.anism, the epimerizing conversion of the 3a-OH group which Midtvedt and Normal (17) once suggested takes place in cultures of this species has not been reported since, in spite of frequent observations of the 3a-HSDH activity in this organism (2, 13, 14, 15) .
In view of such divergence of opinion, we investigated the transformation of various bile acids by growing cultures of 35 strains of C. perfringens, with complementary studies with resting cells. No measurable 7a-HSDH activity was demonstrated by any of the strains, whereas 3a-HSDH activity was exhibited by all of the strains; also, many though not all of the strains were also capable of epimerizing the 3a-hydroxy group into a fl-configuration. This communication is concerned with these experimental data.
MATERLALS AND METHODS Bacterial strains. The toxigenic type cultures of C. perfringens listed in Table 1 were kindly supplied by N. Nishida of Kanazawa University, and the strains of C. perfringens for the experiments shown in Table  2 were isolated in our laboratory from human feces. Other clostridial strains are our stock cultures originally obtained from the Institute for Infectious Diseases (now renamed the Institute of Medical Science) of Tokyo University. These cultures were maintained in cooked-meat medium, transfers being made every 2 or 3 months.
Transformation of bile acids by growing cultures. A buffered peptone-yeast extract broth containing the desired bile acid at 100 ltg/ml was prepared as described previously (12) and used as the assay medium. The medium was dispensed in 4-ml quantities in small test tubes and seeded with a standard volume of the test strain grown in peptone-yeast extract-glucose broth for 24 h. After incubation for 6 days in an anaerobic jar with replacement of the atmosphere with a gas mixture of 90% N2 and 10% C02, the spent culture medium was acidified to pH 2.0 with 6 N HCI for extraction of free bile acids.
Resting cell studies. Bacterial cells harvested by centrifugation from an early-stationary-phase culture in GAM broth (Nissui Pharmaceutical Co.) without any added bile salts were washed three times in 0.02 M sodium phosphate buffer at pH 7.0 supplemented with 0.1% sodium thioglycolate (as a reducing agent) and resuspended in the same solution at 40 mg (wet weight) per ml. The reaction mixture consisted of 1.0 ml of the cell suspension, 500 ,ug of bile acid, and 2.0 ml of 0.1 M sodium phosphate buffer at pH 7.0 (except for testing of pH optimum). After incubation for 4 h under anaerobic or aerobic conditions, the reaction was stopped by adjusting to pH 2.0 with HCI. Anaerobic incubation was carried out in a Thunberg tube under flushing with pure nitrogen, and aerobic incubation was in an L-shaped tube with continuous shaking in air.
Analysis of bile acids by GLC and MS. The acidified samples, spent culture media or resting cell mixtures, were extracted with ethyl acetate, and the extracted free bile acids were methylated for gas-liquid chromatography (GLC) analysis on the conventional 3% QF-1 column. Portions of the methylated samples were then converted into the complete trimethylsilyl ethers for separation on 2% OV-17 and 3% Hi Eff-8B columns. The latter phase was used since it gives a good separation of 3a-and 3,B-epimers, whereas the former column was more satisfactory for the detection of oxocholanoates, the silyl ethers of which were markedly retained on Hi Eff-8B column. Individual bile acids were identified by retention time relative to that of the corresponding derivative of deoxycholic acid (relative retention time [RRT] ) in reference to the previously published data for known bile acid derivatives (6, 8) . The identity was further confirmed by mass spectrometry (MS) of the silyl compounds (24 . The 3f8-hydroxy and 3-oxo derivatives of these 3a-hydroxy acids are indicated by the addition of the prefix "3,8" or "3k" to the trivial name (e.g., 3,B-CDCA stands for the 3,8-hydroxy epimer of CDCA). CA was obtained from Sigma Chemical Co., CDCA was obtained from Tokyo Tanabe Pharmaceutical Co., and purified UDCA was kindly donated by T. Setoguchi, Miyazaki Medical College. Other free bile acids were purchased from Gaschro-Kogyo Co. Sodium salts of taurine and glycine conjugates of DCA (TDCA and GDCA, respectively) were from Calbiochem. Except for GDCA, which contained 5% free bile acid as an impurity, all of the preparations were pure when tested by GLC.
RESULTS
Transformation of bile acids by 23 laboratory strains of Clostridium. Table 1 summarizes the metabolites formed from conjugates of DCA and unconjugated CA and CDCA by 6-day cultures of these strains. All 15 strains of C. perfringens completely hydrolyzed the conjugates of DCA (comparable amounts of DCA were freed after hydrolysis of sterile assay medium in 3 N NaOH at 121°C for 4 h), and all except one (strain WK47) modified the freed DCA to a compound eluting at an RRT of 0.89 (as methyl ester on QF-1), just before the DCA peak. Similar compounds with RRTs of 1.75 and 0.96 were produced as the sole product from CA and CDCA, respectively. In reference to the reported RRT values for known bile acid derivatives (6, 8) and taking into consideration the contention that an axial ,8-OH group gives a shorter retention time than an equatorial a-OH group at the same carbon atom (23), these minor peaks may be ascribed to the 3,8-hydroxy epimers from the respective 3a-hydroxylated major bile acids. The extent of the epimerizing conversion was 10 to 20%, irrespective of the kind of bile acid and the strain of bacterium.
None of the clostridial species other than C. perfringens was able to perform the epimerizing reaction described above. Deconjugation was effected by three strains; C. bifermentans and C. sordellii split both conjugates, but C. septicum hydrolyzed only the glycine conjugate with strict specificity. C. sordellii strain 4709 deserves attention because of its ability to remove or oxidize the 7a-OH group in CA and CDCA, the typical two primary bile acids of human bile. Transformation of bile acids by 20 isolates of C. perfringens. Twenty newly isolated strains of C. perfringens were tested in the manner described above ( Table 2 ). All of the strains completely hydrolyzed GDCA to release DCA, and all except two strains (S3 and SN1) converted about 10 to 20% of the DCA into its 3/?-hydroxy epimer, by analogy with the previous finding. CA and CDCA underwent a similar change.
Included in the table is an additional compound which eluted more slowly than the parent bile acid. It was produced in far less quantity than were the 3,8-epimers and varied in quantity from one culture to another. In the light of the published RRT values (6, 8) , these additional peaks were attributable to the 3-oxo derivatives of the respective major acid, a possible intermediate in the conversion of the hydroxy group from the a-to the fl-position. It should be stressed in this connection that, in contrast with the constant formation of the 3-oxo acids by every strain, not quite all of the strains produced the 3,8-hydroxy epimers.
Resting cell studies of transformation of bile acids. To increase the yield of the 3-oxo products, the conversion of 3a-hydroxy bile acids was tested by the use of resting cells which can be incubated under both aerobic and anaerobic conditions and with variation in medium pH (Fig. 1) . As against a few percent under anaerobic conditions, 30 to 40% of the 3a-hydroxy acids was converted into 3-oxo products under aerobic conditions, with a broad pH optimum from 7.0 to 9.0. The activity was significantly reduced at pH 6.0 and barely detectable at pH 5.0, suggesting the inhibition of the oxo production in medium containing a fermentable carbohydrate. The epimerizing conversion which probably involves a reductive process (from 3-oxo to 3,8-OH) was somewhat suppressed under aerobic conditions but retained no less than 10% conversion aerobically over a broad pH range between 5.0 and 9.0.
Transformation of seven 3a-hydroxy bile acids by resting cells and identification of 3-oxo and 3fl-hydroxy products by GLC and MS. From the above data, seven conventional bile acids, all of which had an a-OH group at C-3, were incubated with resting cells of C. perfringens at pH 7.0 under aerobic conditions to pro- Table 1 by oxidation of the 3a-OH group to a 3-oxo group followed by the stereospecific reduction of the oxo group to a 3,8-OH group, these three strains lack the latter step of the reaction sequence. This cannot be explained by one-enzyme concept as suggested by Hayaishi et al. (10) , but favors the involvement of two separate enzyme entities in the conversion as evidenced in Pseudomonas testosteroni (4, 16) . It seems highly probably that the three strains are devoid of 3,B-HSDH though provided with 3a-HSDH, whereas most of the strains of C. perfringens elaborate both a-and /3-enzymes to epimerize the 3a-OH group. It should be noted that the epimerizing conversion by resting cells took place to a considerable extent even under continuous shaking in the air. The reductive process of 3fl-HSDH, if it were involved, seems to have been considerably oxygen tolerant.
Similar microbial 3-epimerization attendant upon oxo formation in several strains of C. perfringens, Bacillus cereus, and Eubacterium species has bee ¶ reported by Midtvedt and Norman (17) and in two strains of anaerobic streptococci by Dickinson et al. (5) . A comprehensive evaluation of C. perfringens in this respect, however, was attempted for the first time in this study. The prevalence of this property among the individual strains of this species contributes to the understanding of the constant appearance of various 3/1-hydroxy bile acids in in vitro cultures of human feces (S. Hirano, N. Masuda, and H. Oda, J. Lipid Res., in press) and rat intestinal contents (18, 19) , and also of the occurrence of these epimeric bile acids as normal components of fecal bile acids of humans (3, 7, 11) .
In this study, 3-oxo and 3,8-hydroxy derivatives were obtained from conventional 3a-hydroxy bile acids by the action of C. perfringens. In other words, a whole range of these novel bile acids can be provided with ease by bacteriological measures. It is convenient for this purpose that the organism affects only the 3a-OH substituent with these products and exerts no effect on other parts of the steroid nucleus.
